This column reviews the general features of PHT3D Version 2, a reactive multicomponent transport model that couples the geochemical modeling software PHREEQC-2 (Parkhurst and Appelo 1999) with three-dimensional groundwater flow and transport simulators MODFLOW-2000 and MT3DMS (Zheng and Wang 1999). The original version of PHT3D was developed by Henning Prommer and Version 2 by Henning Prommer and Vincent Post (Prommer and Post 2010). More detailed information about PHT3D is available at the website http://www.pht3d.org.
Introduction
PHT3D is a computer code for general reactive transport calculations, coupling MODFLOW/MT3DMS for transport and PHREEQC for chemical reactions. It was developed by Henning Prommer in the 1990s and has been applied by him and his coworkers to various groundwater problems of practical interest. The resulting publications (http://www.pht3d.org/pht3d public.html) show an impressive applicability of the code and illustrate the underlying understanding of quite complicated interactions (e.g., Prommer and Stuyfzand 2005; Prommer et al. 2008 Prommer et al. , 2009 ). In the original version, transport is calculated during a time step, an input file is written for PHREEQC for calculating reactions such as ion exchange and precipitation or dissolution of minerals, and these steps are repeated for subsequent time steps until finished. This loose coupling has the advantage that updates of the master programs can be installed without much effort. A disadvantage is that the calculation of the chemical reactions needs to be initialized time and again for each cell in the model, which adds another time-consuming step to calculations that are already computer-intensive. Another disadvantage is that surface complexation reactions need to be calculated first using the water composition from the previous time step and then reacted with the changed water concentrations. This procedure was not implemented in the original version of PHT3D, and surface complexation reactions could not be calculated.
Prommer and Post recently released the second version of PHT3D that resolves the shortcomings and works very well. The improvement is owing firstly to the implementation of total-variation-diminishing (TVD) scheme that MT3DMS uses for calculating advective and dispersive transport (Zheng and Wang 1999) . Secondly, it is because PHREEQC is now being used for storing the chemical data of the model, including the chemical activities and the composition of surface complexes from the previous time step. In addition, the procedure to transport total oxygen and hydrogen has been adapted from PHAST (PHAST is the 3D reactive transport model developed by Parkhurst et al. 2004, based on HST3D and PHREEQC) . This enables the user to obtain the redox state of the solution without having to transport individual redox concentrations of the elements (e.g., C being distributed over carbon-dioxide, C(4), and methane, C(-4)). The tighter coupling quickens the calculations twofold at least, but probably by an order of magnitude for the more interesting cases. In this review, the background of the new implementation is presented and illustrated with examples and compared with results from PHREEQC and PHAST.
How Are pe and pH Calculated in the New Version

Introduction
Current guidance for assessing the vapor intrusion (VI) pathway generally favors a multiple lines of evidence (MLE) approach, similar to that outlined in the U.S. Environmental Protection Agency's (USEPA) final VI technical guide (USEPA 2015c). The MLE approach often involves a combination of point-in-time indoor air, subslab soil gas, multidepth soil gas, groundwater, and soil sampling, along with screening-level or more sophisticated chemical transport modeling. Indoor air sampling results are often heavily weighted in decision making as they are the closest measurement of exposure.
Indoor air sampling results can be subject to temporal variability and impacts from indoor sources (i.e., background sources). Temporal variability ranging from less than order-of-magnitude to several orders-of-magnitude has been reported (Folkes et al. 2009; USEPA 2012; Holton et al. 2013) . The impact of VOCs from indoor and ambient sources due to emissions from building materials, the use of consumer products, and occupant activities have been well documented (Dawson and McAlary 2009; Gorder and Dettenmaier 2011; USEPA 2011) . Dawson and McAlary (2009) indicated that indoor air concentrations at buildings unaffected by VI can approach risk-based action levels for several common chemicals (e.g., benzene, chloroform, and tetrachloroethylene [PCE] ).
Other typical MLE data are subject to variability with time and location. For example, temporal and spatial variability in subslab soil gas concentrations can also be an order-of-magnitude or greater (USEPA 2006 (USEPA , 2012 Folkes et al. 2009; Holton et al. 2015) . Causes of spatial variability include geologic factors such as shallow soil type, "hot spots" from specific VOC release locations and multiple points of entry through the building envelope. Variability associated with MLE data often impedes decision making and in some cases drives numerous sampling efforts that fail to result in definitive exposure characterization. As more is learned about MLE data variability and the difficulties with decision making due to these issues, it has become clear that additional VI pathway assessment methods are necessary. New approaches need to be robust and lead to consistent results that are not sensitive to the timing of the assessment or sampling location. Furthermore, in many instances methods that allow definitive decisions (i.e., mitigate or not) within weeks are desired, which does not allow for long-term observation of natural temporal variability.
The temporal variability in indoor air and subslab soil gas concentrations is often attributed to temporal variability in outdoor-indoor and indoor-subsurface pressure differences. These can vary by about 1 to 10 Pa for single-family residential buildings (Nazaroff et al. 1985 (Nazaroff et al. , 1987 and can be influenced by numerous factors, including indooroutdoor temperature differences, wind, and atmospheric pressure changes. Therefore, some practitioners have proposed building pressure cycling (BPC) to manipulate indoor-outdoor pressure conditions to either induce or This article has been contributed to by US Government employees and their work is in the public domain in the USA. suppress VI and gain an understanding of potential VI impacts and risks (McHugh et al. 2012; Holton et al. 2015) .
Moreover, practitioners want a method that can produce and characterize "reasonable maximum exposure" (RME). RME is defined by USEPA (2015c) as "A semi-quantitative term, referring to the lower portion of the high end of the exposure distribution; conceptually, above the 90th percentile exposure but less than the 98th percentile exposure." RME is further understood as an estimate of the maximum average concentration that can be expected under future conditions given the current contaminant distributions and relevant exposure duration assumptions. The risk-relevant time scale for measuring RME is assumed to be between 24 h and 1 month, which is representative of short-duration health effects like developmental toxicity. BPC does not include the effects of future contaminant migration processes that take place on a time scale of years, such as groundwater plume migration.
If BPC testing in a depressurization mode significantly increases advective soil gas transport across the building envelope without greatly increasing the building's air exchange rate (AER), then the results of BPC testing can be interpreted in terms of indoor contaminant concentration. If, however, BPC depressurization also substantially increases the AER, results may be better interpreted on the basis of flux (mass/ area-time) or mass discharge (mass/time) into the structure. The BPC method has been suggested as one of several methods to measure contaminant flux in VI which some have argued is a metric that should be preferred over pressurization (Dawson and Wertz 2016) . The BPC method is likely to be superior to measurement of mass flux at individual locations (such as with a small flux chamber), because past and current research shows that vapor entry is often controlled by one or a few discrete locations that can be difficult to identify and access (Shea et al. 2010; Shea and Carr 2012; Distler 2014 ).
This literature review provides an overview of the lessons-learned from past studies on BPC key design considerations. This review includes applications of BPC for various purposes, such as distinguishing subslab and indoor sources, and evaluating RME. Table 1 summarizes the conclusions and lessons-learned from the field applications of BPC reviewed in this study. In these studies, BPC have been applied to:
Overview of Past Studies on Building Pressure Cycling
• help distinguish subslab, ambient, and indoor sources of VOCs • define reasonable worst-case pollutant mass discharge or flux into the structure • help identify the influence of atypical preferential pathways on VI • help define VOC entry points and mitigation targets.
A more detailed overview of past studies on BPC, which includes pertinent details on test procedures and lessons learned, is provided in Supporting Information Appendix S1. A comparative summary of key features of past studies is shown in Table S1 in Appendix S1, Supporting Information (Baylor et al. 2014; CH2M 2015; Lind 2016; Lutes et al. 2009; Pennell et al. 2013; Riis et al. 2010; B. Hvidberg, personal communication, 2016; B. Thompson, personal communication, 2016) .
Discussion: Key BPC Design Considerations
Many factors influence BPC test results, including building specific characteristics and the design of the BPC test itself. This review of past work suggests some areas for future research, which is discussed in detail below.
Baseline Data of Differential Pressure and VOCs
Typically, 5 Pa has been used as a reference depressurization for worst-case VI. This value may originate from USEPA design guidance for radon mitigation systems, which attempted to anticipate the amount of variation in differential pressure due to stack effect and appliance operations to allow a mitigation system installed and tested in 1 day to perform well for long-term chronic risk protection Table 1 Results and Conclusions of BPC Studies
Conclusions References
• BPC method may be useful in evaluating VI impacts and distinguishing subsurface (VI) from indoor (background) VOC sources.
GSI (2008)
• A new method using indoor air measurements, air exchange rate measurements, and fan perturbation of pressure can be used to distinguish background sources from VI. • The method is sensitive to small changes in concentration and therefore best suited for long-term integrated measurements.
Mosley et al. (2010)
• Building depressurization is highly sensitive to operating conditions, specifically fan placement.
• Caution is needed when depressurizing a zone that shares a common partition with another interior space, which is not depressurized, to avoid setting up inadvertent recirculation loops.
USEPA (2012) and Lutes et al. (2012) • BPC can be used to distinguish background sources from VI and reduce temporal variability.
• BPC can be affected by passive ventilation and building openings that cannot be sealed during testing.
McHugh et al. (2012)
• A step-by-step protocol for conducting BPC testing to distinguish background sources from VI. The method is validated with empirical data. Beckley et al. (2014) • BPC can be used to document near worst-case VI exposures, regardless of time or season, and aid in the identification of atypical preferential pathways.
• The method is coupled with soil gas sampling to identify a preferential VI pathway. Holton et al. (2015) and Guo et al. (2015) (USEPA 1993 (USEPA , 2008 Lutes et al. 2011) . Larger differential-pressures across the slab have been observed under baseline conditions for periods of several days in a poorly weatherized duplex (USEPA 2012 (USEPA , 2015a (USEPA , 2015b and by Luo (2009) for hours in portions of a maintenance warehouse in Wyoming. Luo measured differential pressures as high as 9.2 Pa (averaged) during a January sampling event. Shea et al. (2010) reports a case in an industrial building with a pressure differential of approximately 22 Pa (reported as 0.09 in. water column) between the subslab and an air handler return chase built with the floor as part of the system.
Other studies of natural differential-pressure variation across the slab indicate that 5 Pa may be a reasonable upper bound value for many low-rise (1-3 story) buildings (Al Hamady et al. 1993; Marsik and Johnson 2008; Patterson and Davis 2009) . However, many of the studies on which this conclusion is based had only a few hours or days of baseline differential-pressure data presented. This leaves uncertainty about whether these adequately represent extreme events that might occur only a few days per year.
A spatially dense baseline data set including both subslab and indoor air data is useful to identify the portions of the structure where BPC should be conducted (USEPA 2012; Hvidberg and Nielsen 2016) . Outdoor baseline data is needed to determine whether ambient VOC sources are important determinants of indoor air concentrations and to project the effect of additional dilution with outdoor air during a BPC test.
Additional analysis of baseline data is needed to answer questions such as, "Does the target depressurization need to be building specific?" or "How much baseline pressure data are required in routine BPC applications?" McHugh et al. (2012) collected baseline pressure data at four of six buildings with pressure conditions maintained for a minimum of 12 h. Holton et al. (2015) also provides some information on baseline data, and Holton et al. (2015) describes the importance of determining how much pressure fluctuates under "natural" (i.e., baseline) vs. "depressurized" conditions.
Reasonable Maximum Exposure
To our knowledge, there have been few studies that have definitively defined the conditions under which RME will be observed. Attempts have been made to define the set of meteorological conditions under which the RME for VOCs will occur; however, results indicate that it is a multifactorial process and thus difficult to predict USEPA 2015a) . Results for radon indicate that the set of conditions producing RME are different for different houses, even in the same general geographic area (Steck 2011) .
Theory and literature suggest that RME is primarily controlled by the soil gas entry rate because subslab soil gas concentrations have less temporal variability than indoor air concentrations at most well-studied sites. Similarly, deeper soil gas concentrations normally have less temporal variability than shallow soil gas USEPA 2012 USEPA , 2015a USEPA , 2015b ). Short-term variations in soil gas entry rates are believed to be primarily controlled by differentialpressure or soil-moisture changes (USEPA 2015c). DeVaull (2012, 2013) argues that it is not the long-term average value of differential pressure that is important, but rather the fluctuation in differential pressure.
In USEPA (2012), indoor air VOC concentrations collected under depressurized conditions did not reach the worstcase conditions observed under natural conditions; however, radon concentrations did see a considerable increase to levels near worst-case conditions. Moreover, the mass discharge under depressurized conditions was approximately 3.5 times the estimated average mass discharge under natural conditions (Holton 2016 ). In the study by Holton et al. (2015) , 24-h indoor air concentrations of TCE and radon collected under BPC conditions were in close agreement with the maximum 24-h concentration observed under natural conditions. However, the study by Holton et al. (2015) may not be applicable to buildings with conventional VI conceptual site models. These are the only two studies known of VOC VI with a sufficiently large data set to confidently describe the annual temporal variability to compare the results of BPC testing.
Study Designs for Background Source Evaluation
Past studies on BPC have used several approaches for attributing indoor air concentrations to either indoor or subsurface sources. For example, McHugh et al. (2012) and Beckley et al. (2013 Beckley et al. ( , 2014 utilize both positive-and negative-pressure conditions to assess VI risks and estimate contributions from background sources. Other studies have focused solely on negative pressure for assessing VI (USEPA 2012; Holton et al. 2015) . Only baseline and negative-pressure conditions may be necessary to estimate RME. However, positive pressurization provides more definitive evidence regarding the importance of indoor sources.
The approach proposed by Mosley et al. (2008 Mosley et al. ( , 2010 to distinguish subslab versus indoor source contributions using BPC testing requires at least two tracers-one for soil gas entry (often naturally occurring radon) and the other for air exchange. However, this approach allows for calculation of the relative contributions from subslab and indoor sources without installing subslab ports. MacGregor et al. (2011) , using SF 6 to determine AER, tested and recommended this method in a technology verification report.
Tracer Use
The value of tracer gas release to estimate AER during BPC tests was discussed by Holton et al. (2015) . BPC testing increases the AER and subsurface vapor entry rate; thus, using a tracer to determine the amount of dilution that occurs may be beneficial when evaluating risks. In the work by Holton et al. (2015) , there were compensating effects of increased dilution and vapor entry rate at the study house. Similarly, in the study by McHugh et al. (2012) where baseline conditions were measured (office building at Moffett Field and the ASU research house), the results indicated increased dilution and vapor entry rate.
Tracer gas release or another method of air exchange rate measurement is necessary to convert indoor air concentrations to mass discharge rate, as performed by and McHugh et al. (2012) . It, however, increases the cost of the BPC test significantly and requires specialized equipment that many environmental contractors are not familiar with. Thus, the need for and value of the tracer gas release and monitoring in VI-pathway decision making needs to be further assessed.
Directly measuring fan or blower discharge using a flowmeter (e.g., anemometer) and building dimensions may be sufficient for estimating a building's AER if the blower is the predominant exit point from the structure. Direct measurement of flow would allow tracer testing to be omitted from the protocol if the purposes of the BPC test are observation of concentration, mass discharge, or flux changes under varying pressure conditions. Previous testing by Kumar reviewed in McWilliams (2002) suggests agreement between pressurization methods and tracer methods of airflow measurements is within 5%. Miller et al. (1997) report agreement between blower flow rate and tracer gas techniques within an average absolute error of 8%.
Sensitivity to Number of Pressure Steps and Fan Placement
Reaching a consensus on BPC operating conditions (including target pressure differential and fan placement) and test duration is important to ensure consistency of, and confidence in, results across test operators. The sensitivity of BPC results to operating conditions has yet to be fully evaluated in the literature; however, there are several lessons learned from past studies. In the works by USEPA (2012), McHugh et al. (2012) , and Holton et al. (2015) , both indoor air concentrations and emission rates (as applicable) were dependent on the operating condition, with impacts increasing with increased building depressurization. However, in some cases the effects of increased dilution from the increased AER will lead to a decline in indoor air concentrations at increasing levels of depressurization (Beckley et al. 2014) , especially for leaky buildings with larger AERs. This suggests that multiple pressure points should be evaluated to better understand the relationship of measured VOC concentration to AER at each individual building.
In the study by USEPA (2012), fan placement had a significant impact on the strength of pressure control and outcome of results. In addition, in the work by Holton et al. (2015) , the original blower fan system was moved from the second-floor bathroom to a second-floor closet (exhausting to attic) during the early stages of the study due to the inability to overcome natural pressure fluctuations. These experiences provide valuable insight on the potential issues that test operators are likely to encounter in applying BPC and suggest time should be allowed for empirical adjustments of fan position in each structure to obtain optimum results.
Test Duration
The test duration needed to collect reliable BPC data for pathway assessment also needs to be evaluated. A wide range of overall test durations from less than 1 to 265 days has been documented (see Supporting Information in Appendix S1).
A theoretical analysis that treats the house as a single continuous flow-stirred tank reactor in which the pressure steps impose a new set of conditions would suggest that quasiequilibrium would be expected in three air exchanges (analogous to three hydraulic detention times) (Tchobanoglous and Schroeder 1987) . Results from the Indianapolis duplex box fan tests suggest that pressure responses and radon indoor responses were achieved within minutes to a few hours after beginning the test and were generally stable (USEPA 2012). However, changes in VOCs in indoor air and subslab soil gas continued over multiday test periods-well beyond three air exchanges (USEPA 2012) . This would suggest that the house is not behaving as a single continuous flow-stirred tank reactor, which might be expected if it was instead envisioned as an interconnected system of compartments-deep soil gas, subsurface plenum, basement, first floor, second floor, and so on. MacGregor et al. (2011) , in a verification report on GSI's implementation of the BPC tests, recommends a 24-h baseline period, 24-h negative-pressure period, and 24-h positive-pressure period executed over a 3.5-day test period. However, later implementations by the same workers used on-site measurement of VOC concentrations in indoor air to document building response to pressure changes. This use of on-site analysis allowed the testing program to be completed in 1 or 2 days (Beckley et al. 2014) . Beckley et al. (2014) shows an example (Building 2) where TCE concentrations appear to have not fully stabilized in a negative pressure cycle of under 2 h. The discussion emphasizes that changes in benzene concentrations during their test cycles were attributable to a discrete event-startup of a vehicle.
Applicable Buildings
Much of the available literature on BPC is focused on applications in residential or small commercial buildings; however, there have been several applications in larger commercial and industrial buildings (Mosley et al. 2010; McHugh et al. 2012; Beckley et al. 2013 Beckley et al. , 2014 Lund 2016; Lund and Lind 2016) . McHugh et al. (2012) did not obtain pressure control in the Parris Island New Dry Cleaning Facility, but this was attributed to building features (i.e., wall vents). Beckley et al. (2013) (2012) demonstrated mathematical approaches to sizing blower doors for testing new construction in a building test protocol based on a maximum anticipated acceptable leakage rate at a target pressure. While such acceptable leakage rates are not available for existing structures being tested for VI, a range of realistically expected leakage rates could be produced based on the literature and an initial building inspection, which would allow for better test planning. They state that buildings requiring flows greater than 200,000 CFM (94 m 3 /s) at 75 Pa "have been successfully tested using standard techniques."
Petroleum Hydrocarbon Impacted Sites
Most of the reviewed applications were for chlorinated solvents or radon for which aerobic biodegradation is either irrelevant or occurs with rate constants measured in weeks. The utility of BPC testing at petroleum hydrocarbon (PHC) sites has yet to be fully evaluated. BPC testing has been applied at one PHC site (Beckley et al. 2014 ), but it is unknown if the conclusions from previous studies at CHCimpacted sites extend to PHC-impacted sites. BPC testing might draw more oxygen to the subsurface and induce more bioattenuation than occurs under natural conditions. Due to the biodegradability of many PHC compounds, monitoring subsurface oxygen concentrations and PHC soil gas concentrations could provide additional insight into potential benefits (e.g., enhanced biodegradation) of BPC at PHC VI sites.
Conclusion and Future Research Needs
This comprehensive literature review includes BPC applications by at least seven groups, over 20 years in at least 20 buildings. However, while most of the publications are generally supportive of the utility of the technique, there is no consensus on procedures. This lack of consensus in part reflects legitimate differences among building physical characteristics, project objectives, and available equipment or financial resources. However, although one rigid protocol may not cover all needs, there are questions that would benefit from future research (or reanalysis of existing data sets) and could set the stage for more specific protocols in the future.
1. Is the pressure test capable of measuring RME at sites where either the conventional VI pathway (i.e., volatilization from groundwater and diffusive transport through soil) or one or more preferential pathways (i.e., direct routes for VOCs to advectively flow into a structure or subslab plenum) predominates? 2. Is the pressure testing method robust enough to produce a RME (or reasonable maximum mass discharge) regardless of the geological factors controlling availability of VOC mass in the subslab/shallow soil gas? Thus is the short term pressure testing method robust with regard to water table variations, winter ice capping effects, and long-term mass transport due to months of a sustained stack effect? 3. Can a reasonable estimate of RME be "read off" directly from the highest VOC concentrations observed in the pressure test or is a calculation of worst-case mass discharge or flux required, which is based on the testing AER and then coupled with a more typical AER to estimate worst-case exposure? 4. Does the target depressurization need to be building specific? How much baseline pressure data will be required to routinely apply the test? For example, is a 1-day test without a baseline pressure monitoring period feasible? 5. How long should the depressurization be held constant at a given pressure point? Can a four pressure-point test be accomplished in a schedule that minimizes occupant disturbance (for example 1 setup day and 1 test day), without requiring multiple staff shifts or all-hours access to the building? 6. Is tracer testing required to establish the required AER or will direct measurements of fan-induced flow be sufficient to define the AER effects of the depressurization test? 7. Are there facility types not suitable for pressure testing?
Can these be identified by inspection? 8. What are the characteristics of the optimum placement location for a blower door?
Supporting Information Figure S1 . Basement vs. Exterior Differential Pressure Before, During, and After Box Fan Tests (tests denoted by vertical bars) (US EPA 2012) Table S1 . Supplementary Information on Past Building Pressure Cycling Studies Addressing data gaps 1 to 3 above require determining the true value of RME for comparison, which generally can only be obtained through long-term observational studies. Thus, these data gaps will require intensively studied research sites. Data gaps 4 through 8 can be addressed at least in part through the publication of further case studies by practitioners, and updated reviews that synthesize that information. We are preparing a companion paper covering further testing at the USEPA Indianapolis Research Duplex to address some of these questions.
Although we believe that artificial depressurization of a whole building or building compartment is currently the best available approach for determining mass discharge, flux, and RME in a short duration test, it is clear from the available evidence that further research, dialogue, and analysis of case studies are needed to refine the BPC method to site-specific conditions like preferential flow and leaky (large AER) buildings.
